Background. Individuals with stroke usually show reduced muscle activities of the paretic leg and asymmetrical gait pattern during walking. Objective. To determine whether applying a resistance force to the nonparetic leg would enhance the muscle activities of the paretic leg and improve the symmetry of spatiotemporal gait parameters in individuals with poststroke hemiparesis. Methods. Fifteen individuals with chronic poststroke hemiparesis participated in this study. A controlled resistance force was applied to the nonparetic leg using a customized cable-driven robotic system while subjects walked on a treadmill. Subjects completed 2 test sections with the resistance force applied at different phases of gait (ie, early and late swing phases) and different magnitudes (10%, 20%, and 30% of maximum voluntary contraction [MVC] of nonparetic leg hip flexors). Electromyographic (EMG) activity of the muscles of the paretic leg and spatiotemporal gait parameters were collected. Results. Significant increases in integrated EMG of medial gastrocnemius, medial hamstrings, vastus medialis, and tibialis anterior of the paretic leg were observed when the resistance was applied during the early swing phase of the nonparetic leg, compared with baseline. Additionally, resistance with 30% of MVC induced the greatest level of muscle activity than that with 10% or 20% of MVC. The symmetry index of gait parameters also improved with resistance applied during the early swing phase. Conclusion. Applying a controlled resistance force to the nonparetic leg during early swing phase may induce forced use on the paretic leg and improve the spatiotemporal symmetry of gait in individuals with poststroke hemiparesis.
Introduction
Stroke is the leading cause of severe disability in the United States 1 and results in physical impairments that greatly compromise quality of life. 2 Although the majority of people with stroke ultimately regain the ability to walk independently after rehabilitation, many stroke patients do not achieve the walking level necessary to resume all daily activities. 3 In addition, individuals with stroke often show reduced paretic leg muscle activity 4, 5 and altered spatiotemporal characteristics during walking. 6 Such spatial and temporal asymmetries may be due to the compensatory strategies adopted by either the nonparetic or the paretic leg, 7 which can adversely affect walking function. 8 A priority of stroke rehabilitation is to reduce hemiparesis and improve the gait symmetry.
Most functional recovery typically occurs within the first 6 months after stroke. 9 Further improvements of function beyond the period of spontaneous recovery may require additional rehabilitation interventions. Constraint-induced movement therapy (CIMT) is a promising treatment for chronic stroke patients. 10, 11 The primary emphasis of CIMT is to overcome the learned nonuse of the paretic limb to reduce hemiparesis. CIMT emphasizes mass task-specific practice of the paretic limb while movement of the nonparetic limb is restricted. 12 Several randomized controlled trials have demonstrated that 2 to 15 weeks of CIMT produce greater improvements in motor function of the paretic upper limb compared with traditional rehabilitation. 10, 11, 13, 14 The CIMT paradigm, however, has not been effectively transferred to lower limb training in individuals poststroke because both paretic and nonparetic legs must be engaged in order to practice walking, that is, it is almost impossible to completely immobilize the nonparetic leg to induce forced use of the paretic leg during locomotor training in individuals poststroke. As an alternative strategy, the nonparetic leg can be partially restrained by blocking the movement of the knee joint 15 or by adding a weight to the ankle. 16, 17 However, blocking the movement of the knee joint of the nonparetic leg may significantly change the normal gait pattern and adding a weight to the ankle of the nonparetic leg may change the leg inertia. 16, 17 Thus, there is limited evidence regarding the feasibility of using CIMT to induce forced use of the paretic leg of individuals poststroke.
Previous studies of infants and healthy adults have demonstrated that perturbations given to one leg during the swing phase of gait induced enhanced muscle activity of the ankle plantarflexors and resulted in a prolonged stance phase of the contralateral leg during treadmill walking. [18] [19] [20] In addition, these locomotor-related interlimb spinal reflex networks may be reserved in individuals poststroke. 21 The purpose of this study was to determine whether the muscle activity of the paretic leg could be enhanced, that is, induce forced use on the paretic leg, by applying a controlled resistance force to the nonparetic leg during treadmill walking in individuals with poststroke hemiparesis. We hypothesized that applying a resistance force to the nonparetic leg during the early swing phase would enhance muscle activity of the paretic leg and improve spatiotemporal symmetry in individuals with poststroke hemiparesis.
Methods

Subjects
Fifteen subjects with chronic (> 6 months) poststroke hemiparesis participated in the study ( Table 1 ). The inclusion criteria were (a) age 21 to 75 years; (b) unilateral, supratentorial, ischemic, or hemorrhagic stroke confirmed with radiography; (c) no prior history of stroke before the reference stroke; (d) independent ambulation with/without the use of assistive device or below knee orthoses; and (e) selfselected walking speed ≤0.80 m/s. Exclusion criteria were (a) brainstem or cerebellar stroke; (b) a score of <24 on the Mini Mental State Examination 22 ; (c) other neurological conditions, cardiorespiratory/metabolic disorders, or orthopedic conditions affecting ambulation ability and (d) neurotoxin injection within 6 months of study enrollment visit. All subjects gave written informed consent to participate in the study, which was approved by the Northwestern University Institutional Review Board.
Procedures
Each subject completed 2 sessions of treadmill walking with the treadmill speed was set at self-selected comfortable speed, which was the same across all test sessions for each subject. In the first session, subjects walked on a treadmill without load (baseline) for 30 strides, and then at a maximum walking speed for 30 strides. Subjects then walked on a treadmill with a controlled resistance force applied to the nonparetic leg at the early swing phase (EARLY, ie, starting from toe off to mid-swing, which was determined based on ankle position signals) or late swing phase (LATE, ie, starting from mid-swing to heel strike) for 1 minute with a 1-minute standing rest between conditions. The magnitude of the resistance force was set at ~20% of maximal voluntary contraction (MVC) of nonparetic leg hip flexors, which was determined while the subjects were standing on the treadmill. 23 In the second session, subjects walked on a treadmill without load (baseline) for 30 strides, and then walked on the treadmill with different resistance force magnitudes (10%, 20%, and 30% of MVC of the nonparetic leg hip flexors) applied at the early swing phase for 1 minute with a 1-minute standing rest between conditions. The order of resistance force and phase conditions was randomized for both sessions.
The resistance force was applied through a customized cable-driven robotic system. The robotic system consisted of 2 nylon-coated stainless-steel cables, driven by 2 motors (AKM 33H, Kollmorgen, Radford, VA). The cables were affixed to a custom brace that was strapped around the subject's ankle to provide a resistance force while subjects walked on the treadmill. 24 A 4-N pretension force was applied to the cable in order to avoid slacking and no cable was attached during baseline. Two custom-designed 3-dimensional position sensors were attached at the subject's ankles to record ankle position signals, 25 which were used to trigger the resistance force. During all conditions, subjects were allowed to use the front handrail for safety and wore an overhead harness for protection only (not for body weight support).
Measurements
Surface electrodes (Delsys DE 2.1, Delsys Inc, Boston, MA) were used to record the electromyograms (EMG) from paretic leg muscles: hip abductor (gluteus medius), medial hamstrings, medial gastrocnemius, soleus, rectus femoris, vastus medialis, and tibialis anterior. EMG signals were amplified (gain 1,000) and band-pass filtered in hardware. All signals were then sampled at 500 Hz via a 12-bit analog-to-digital converter (National Instruments, Austin, TX) on a PC running custom-written LabVIEW program.
Data Processing and Analysis
Custom software written in Matlab (The Mathworks, Natick, MA) was used for all data analyses. The EMG data was first low-pass filtered at 200 Hz, high-pass filtered at 10 Hz and band-stop filtered at 55 to 65 Hz using a secondorder Butterworth filter. All EMG data were rectified and smoothed using a second order Butterworth filter with a low-pass cutoff frequency at 20 Hz. The smoothed EMG signals were segmented into gait cycles based on ankle positions. The EMG data were interpolated, resampled, and time-normalized to percentage of the gait cycle and then averaged over middle consecutive 20 strides. The EMG data during baseline and with the resistance force conditions were normalized to the peak EMG signal of each muscle during the condition with the maximum walking speed. The integral of the EMG activity was calculated in the intervals of stance phase of the gait cycle.
Stance time, single leg support time, and step length were computed using ankle positions. 26 Stance time was calculated as the time from initial contact to toe-off, and single leg support time was calculated as the time period when only one foot was in contact with the treadmill. Both of them were normalized to the gait cycle time (% gait cycle).
Step length was calculated as the anterior-posterior distance between the two legs' ankle positions at initial contact. 27 The symmetry index was quantified as follows: (paretic/nonparetic) × 100%, 28 where paretic is the variable of the paretic leg, and nonparetic is the variable of the nonparetic leg. A symmetry index of 100% represented perfect symmetry. The symmetry index was averaged over the middle consecutive 20 strides for the statistical analysis.
Statistical Analysis
Statistical analyses were conducted using SPSS 20.0 software (IBM Corp, Armonk, NY). Repeated-measures analysis of variance (ANOVA) was used to compare the integrated EMG amplitudes of each muscle, symmetry index of stance time, single leg support time, and step length between baseline and resistance force conditions of each section. A post hoc analysis was conducted if ANOVA showed significant results. An alpha level of .05 was set for significance in all statistical tests.
Results
Different Phases of Resistance Force
Electromyography. The EMG data from 14 subjects were analyzed. Data from 1 subject was excluded due to artifact. Mean muscle activity patterns across all subjects are shown in Figure 1 . In general, resistance force applied to the nonparetic leg at the early swing phase induced greater level of increases in EMG amplitude of the medial hamstrings, medial gastrocnemius, abductors of the paretic leg. Average integrated EMG in each condition is shown in Figure 2 . The EARLY condition increased the integrated EMG of the medial hamstrings by 33.6% (P = .001) and medial gastrocnemius by 18.5% (P = .036) compared with baseline. Similarly, the EARLY condition increased the integrated EMG of the vastus medialis by 13.9% (P = .025) and tibialis anterior by 12.1% (P = .002), compared with baseline. In addition, resistance force applied during the EARLY condition resulted in a higher EMG amplitude compared with the resistance force applied during the LATE condition. The integrated EMG of the medial hamstrings and medial gastrocnemius during the EARLY condition increased by 21% (P = .006) and 26.4% (P = .009), compared with the LATE condition. Similarly, the integrated EMG of abductor and soleus increased by 7.3% (P = .044) and 10.6% (P = .044), compared with the LATE condition.
Stance Time. Stance time of the paretic leg in the EARLY condition tended to be greater than baseline, although this was not significant (P = .061), and was greater than that in the LATE condition (P = .034). Stance time of the nonparetic leg had no significant change in both the EARLY (P = .956) and LATE (P = .358) conditions compared with baseline ( Table 2 ). The symmetry index of the stance time was significantly greater in the EARLY condition compared with baseline (P < .001) and compared with the LATE condition (P < .001; Table 2 ).
Single Leg Support Time. For the paretic leg, single leg support time significantly increased (P = .001) in the EARLY condition compared with baseline (P = .008) and compared with the LATE condition (P = .001) ( Table 2 ). In addition, single leg support time significantly decreased in the LATE condition compared with baseline (P = .010). For the nonparetic leg, single leg support time had no significant change in the EARLY (P = .595) and LATE conditions (P = .949) compared with baseline. The symmetry index of the single leg support time was greater in the EARLY condition compared with baseline (P = .002) and compared with the LATE condition (P = .001; Table 2 ).
Step length. For the paretic leg, step length significantly increased in the LATE condition (P = .003; Table 2 ), compared with baseline. For the nonparetic leg, step length significantly decreased in the LATE condition (P = .004; Table  2 ), compared with baseline. The symmetry index of the step length was greater in the LATE condition (P = .007; Table  2 ), compared with baseline. No significant changes were observed in the EARLY condition (P > .05; Table 2 ). 
Different Intensities of Resistance Force
Electromyography. Mean muscle activation patterns of all subjects for different resistance intensities are shown in Figure 3 . In general, the intensity of the resistance force exerted an impact on the EMG amplitude of the hip and ankle extensors of the paretic leg during the stance phase of gait, with 30% of the MVC resistance force induced greater changes in EMG amplitude in comparison with other amounts of resistance. Average integrated EMG in each condition is shown in Figure 4 . The resistance forces significantly increased the integrated EMG of the medial hamstrings (10%:17.3%, P = .037; 20%:49.1%, P = .001; 30%:58.0%, P = .001) and medial gastrocnemius (10%:21.7%, P = .003; 20%:43.9%, P = .020; 30%:70.0%, P = .012) compared with baseline. Similarly, 30% of MVC resistance force significantly increased the integrated EMG of vastus medialis (baseline, P = .003; 10%, P = .003; 20%, P = .021) and tibialis anterior (baseline, P = .003; 10%, P = .003; 20%, P = .021) compared with baseline, or the 10% or 20% of MVC conditions. Integrated EMG of the hip abductor (41.2%, P = .004) and rectus femoris (23.1%, P = .013) also significantly increased with the resistance force at 30% of MVC compared with baseline. For the soleus muscle, significant differences in integrated EMG were observed only between the resistance condition with 20% of MVC and baseline (22.9%, P = .038).
Stance Time. For the paretic leg, stance time increased in the conditions with 30%, 20%, and 10% of MVC compared with baseline (30%, P = .014; 20%, P = .012; 10%, P = .008). For the nonparetic leg, no significant change was found between the conditions with 30% (P = .471), 20% (P = .254), and 10% (P = .471) of MVC, and baseline. The symmetry index of stance time was greater in the condition with 30% of MVC, compared with baseline (P = .001) and the condition with 10% of MVC (P = .002). The symmetry index of stance time was greater in the condition with 20% of MVC compared with baseline (P < .001), and the condition with 10% of MVC (P = .001). Symmetry index of stance time also was greater in the condition with 10% of MVC compared with baseline (P = .002; Table 2 ).
Single Leg Support Time. For the paretic leg, single leg support time significantly increased in the condition with 30% of MVC compared with baseline (P = .001) and compared with the conditions with 10% (P = .009) and 20% of MVC (P = .037). The single leg support time was also significantly greater in the condition with 20% of MVC compared with baseline (P = .001) and compared with the condition with 10% of MVC (P = .007). The single leg support time also was greater in the condition with 10% of MVC compared with baseline (P = .001). For the nonparetic leg, single leg support time increased in the condition with 10% of MVC compared with baseline (P = .034) and the condition with 20% of MVC (P = .016). The symmetry index of the single leg support time was significantly greater in the condition with 30% of MVC compared with baseline (P = .001) and compared with the condition with 10% of MVC (P = .004). The symmetry index was greater in the condition with 20% of MVC compared with baseline (P < .001) and the condition with 10% of MVC (P = .001). The symmetry index was also greater in the condition with 10% of MVC compared with baseline (P = .003; Table 2 ).
Step Length. significant changes in the conditions with 30% (P = .434), 20% (P = .558), and 10% (P = .370) of MVC, compared with baseline (Table 2 ).
Discussion
The results of this study indicate that applying a resistance force to the nonparetic leg during early swing phase of gait enhances muscle activities of the medial hamstrings and ankle plantarflexors of the paretic leg during stance, and induces an improved symmetry of spatiotemporal gait parameters in individuals poststroke. In addition, greater increases in the magnitude of muscle activity and duration of stance time are induced when the force is applied with a greater intensity than that with a lesser intensity. Results from this study suggest that applying a phase-dependent constraint force, that is, a resistance force, to the nonparetic leg may cause forced use of the paretic leg in individuals with poststroke hemiparesis during treadmill walking.
While individuals with poststroke hemiparesis often show reduced muscle activation of the paretic leg during walking, 5 partially constraining the nonparetic leg by applying a resistance force to the nonparetic leg during the early swing instead of late swing phase enhances muscle activity of the paretic leg during stance. The early swing phase of the nonparetic leg corresponds to the period from loading response to mid-stance of the paretic leg when the body weight is shifted over to the paretic leg. The weightbearing of the paretic leg is high during this time period. Thus, applying a backward resistance force to the nonparetic leg during this time period may force subjects to increase the muscle activity of extensors of the paretic leg in order to counteract the external perturbation force, and prolong the stance phase of the paretic leg. This is consistent with previous animal studies, which indicated that load afferents from extensor muscles 29, 30 or cutaneous afferents from the plantar surface of the foot 31, 32 could enhance muscle activity of the leg extensors during the stance phase, and delay the onset of leg flexor activity associated with the swing phase. This is also partially consistent with results from a human infant study, which found a prolonged duration of stance phase when the leg load was increased, 19 and results from a healthy control study, which indicated enhanced muscle activity of leg extensors with increased leg load. 33 In addition, applying a resistance force to the nonparetic leg during this time period may also force subjects to increase muscle activation of hip abductors and medial hamstrings on the paretic side to stabilize the pelvis during single leg stance. 34, 35 In contrast, the late swing phase of the nonparetic leg corresponds to the period from mid-stance to unloading phase of the paretic leg when the body weight is shifting away from the paretic leg. The weightbearing of the paretic leg is low during this time period. Thus, the modulation effects of load afferents from extensor muscles or cutaneous afferents from the plantar surface of the foot of the paretic leg may be muted. Thus, we observed no significant change in muscle activity of the extensors of the paretic leg in the LATE condition. These phase-dependent muscle responses in the paretic leg might be induced through crossed-spinal reflex mechanisms. [36] [37] [38] The intensity of the resistance force applied to the nonparetic leg also exerted impact on the level of muscle activity of the extensors of the paretic leg and the duration of the single leg support time of the paretic leg. When a greater resistance force was applied to the nonparetic leg, the force that was transferred to the paretic leg (ie, the supporting leg) through the pelvis also increased, which might cause subjects to generate greater extension moments from the hip, knee, and ankle joints of the paretic leg, in order to counteract the resistance force to maintain equilibrium of the paretic leg. With the increase in loading to the paretic leg, the load related afferent inputs from ankle plantarflexor muscles 29, 30, 39 and cutaneous receptors on the foot 40 of the paretic leg will increase, resulting in greater muscle activities of the medial hamstrings and ankle plantarflexors, which will prolong stance time on the paretic leg. In addition, the resistance force applied to the nonparetic leg might induce a disturbance to the body's angular momentum, which needs to be tightly regulated to maintain dynamic balance during walking. 41 Thus, individuals poststroke might have to generate an additional moment through the standing leg (ie, the paretic leg) for the regulation of body's angular momentum, which might be achieved by recruiting additional muscle activation of ankle plantarflexors and medial hamstrings of the paretic leg. 42 Alternatively, applying manual resistance to the pelvis of the paretic side during gait based on the proprioceptive neuromuscular facilitation principle may facilitate muscle activation of the paretic leg and has been widely used in clinics. 43 However, while the theoretical basis of this paradigm is solid, recent studies indicated limited functional gains on walking function of individuals poststroke using the proprioceptive neuromuscular facilitation principle. 44, 45 Significant changes in stance time and single leg support time were observed in the paretic leg when the resistance force was applied to the nonparetic leg. Individuals with poststroke hemiparesis may still retain the capability to adjust interlimb coordination during walking in response to an external force perturbation. 21 The improvements in temporal symmetry were mainly achieved by an increase in temporal measures on the paretic leg. It should be noted that the magnitude of temporal asymmetry was less than 5% at baseline. As the same percentage of asymmetry below or above 100% represents the same magnitude of absolute asymmetry, applying 10% of resistance force at the early swing phase appeared to be sufficient to improve temporal symmetry of the subjects we tested. In addition, 4 subjects had longer temporal gait parameter measures on the paretic leg than on the nonparetic leg at baseline. These subjects had even longer temporal measures on the paretic leg and greater temporal asymmetry in the resistance conditions. The application of a resistance force to the nonparetic leg may not be appropriate for improving temporal symmetry for individuals with longer temporal measures on the paretic leg at baseline.
While individuals with poststroke hemiparesis may walk with relatively longer paretic or nonparetic steps, [46] [47] [48] our subjects walked with longer nonparetic steps at baseline, which may be a result of various compensatory strategies developed in chronic stroke patients. 48 Both stance time and step length of the paretic leg increased with the application of the resistance force, indicating a relative decrease in swing time and an increase in leg swing velocity. The increase in swing velocity of the paretic leg may be due to an enhanced forward propulsion of the paretic leg, which could be manifested as an enhanced muscle activity of ankle plantarflexors of the paretic leg, 49 and/or due to enhanced afferents from hip flexors of the paretic leg, 50 which may facilitate leg swing. 51 This study provides evidence for the application of CIMT for lower limb training in individuals poststroke and may have important applications for chronic stroke rehabilitation. In clinical settings, locomotor training has been widely used to improve walking function in patients with stroke, but patients may rely more on their nonparetic leg for locomotion using compensatory strategies, resulting in limited improvements in motor function of the paretic leg. Our results suggest that partially restraining the nonparetic leg during locomotor training, may enhance the muscle activity of the paretic leg, that is, inducing a forced use of the paretic leg and improving spatiotemporal symmetry. It should be noted that providing greater resistance force to the nonparetic leg may deteriorate spatial symmetry for subjects with a longer step length on the paretic leg at baseline. Evaluating baseline walking pattern to identify individuals who may benefit from this training strategy is needed to maximize rehabilitation outcomes. In addition, subjects tested in this study were limited community ambulators 52 (ie, average overground walking speed was 0.67 ± 0.16 m/s), we do not know whether this paradigm could be applied to subjects with lower walking function.
This study has several limitations to consider when interpreting the results. First, all subjects held onto the front handrail during testing, it is possible that the pulling force of the hand have confounded our results. In addition, a pretension force (~ 4 N) was applied to the cable to prevent the cable from slacking. The pretension force may influence walking patterns. However, the pretension force was retained during all the resistance sessions, any potential influence of pretension force would be evenly distributed across all conditions. Finally, the application of resistance force during treadmill walking was short in this study. It is unknown whether prolonged exposure to resistance force (ie, long-term training) will have clinically significant improvements in walking function of individuals poststroke. Future research is needed to determine the long-term effects of this paradigm on walking function in individuals poststroke.
Conclusion
Applying a controlled constraint force to the nonparetic leg during treadmill walking may induce forced use on the paretic leg and improve spatiotemporal symmetry of individuals poststroke during treadmill walking. Knowledge gained from this study, including the phase and magnitude of the application of the resistance force, provides insights for developing robotic gait training protocols.
